(a-f) High5 cells (7x10 6 cells) were co-infected with the viruses expressing the MCM-BP protein (0.25 ml of viral stock solution) and MCM2-protein (a) (0.25 ml of viral stock solution), MCM3 (b), MCM4 (c), MCM5 (d), MCM6 (e) or MCM7 (f) for 2 days. The cells were suspended in a 500 μl of lysis buffer consisting of 10 mM Tris-HCl (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM sodium phosphate buffer, 10 mM Na 4 P 2 O 7 , and protease inhibitors (Pharmingen, BD, San Jose, CA). The mixture was incubated for 40 min on ice, and insoluble components were separated by centrifugation at 40,000 rpm (TLS55; Beckman, Fullerton, CA) for 40 min at 4°C. Supernatant of Triton-soluble (S) was recovered, and the precipitate was suspended with 100 μl of lysis buffer to obtain Triton-insoluble (P) fraction. The recovered supernatant (200 μl) was mixed for 1 h at 4°C with anti-Flag antibody (2.5 μg) and then protein G-Sepharose (20-30 μl) (Amersham Biosciences, Piscataway, NJ, USA) was added. The solution was mixed overnight at 4 °C. After spin, proteins unbound to the Sepharose beads were recovered (U). The beads were washed 10-12 times with 200 μl of phosphate-buffered saline (PBS) containing 0.1% Triton X-100, and supernatant after the final spin was recovered (W). The proteins bound to the beads were eluted three times with 20-30 μl of elution buffer (0.1 M glycine, pH 2.5 and 0.15 M NaCl) (E1, E2 and E3). These eluates were neutralized by adding 1/10 volume of 2 M Tris-HCl, pH 8.0. Proteins in the obtained fractions were separated by SDS-polyacrylamide gel electrophoresis. After the proteins in the gel were transferred to Immobilon-P transfer membrane (Millipore, Bedford, MA, USA), the membrane was incubated for 1 h at room temperature with a blocking buffer (EzBlock, ATTO, Tokyo, Japan) diluted by three-fold with TBS (50 mM Tris-HCl, pH7.9, 150 mM NaCl) plus 0.1% Triton X-100; it was then incubated overnight at 4 °C with 0.5-1 μg/ml of 1st antibodies in the diluted blocking buffer or culture supernatant of hybridoma cells producing anti-MCM-BP antibody (Nakaya et al., 2010) . After washing the membrane with TBS containing Triton X-100, it was incubated for 2 h at 27°C with 2nd antibody conjugated with horseradish peroxidase (BioRad, Hercules, CA, USA). After washing, the membrane was incubated with SuperSignal West Pico Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA), and chemiluminescent signals were detected by Light-Capture (ATTO). Anti-MCM2, -MCM3, and -MCM4 antibodies were prepared as reported (Nakaya et al., 2010) . Anti-MCM5 (Santa Cruz, Bio, sc-165995), anti-MCM6 (Santa Cruz, Bio, sc-9843), anti-MCM7 (Santa Cruz Bio, sc-9966), and anti-Flag (Sigma, F-3165) antibodies were purchased. In the experiments (a-f), one filter was proved with anti-MCM-BP antibody (top) and the other was proved with anti-MCM2-7 antibodies (bottom). Due to over-loading, MCM2 bands in S and U fractions were not fully detected in (a). In (d), a band of MCM-BP in S fraction was hardly detected by unknown reason. Human MCM-BP-Flag was co-expressed with human CDT1 (a), CDC6 (b) and ORC2 and 4 (c) in High5 cells and the cells were fractionated into Triton-soluble (S) and -insoluble (P) fractions. Proteins in the Triton-soluble fraction were immuno-precipitated with anti-Flag antibody. Unbound proteins (U) and those contained in the final wash (W) were recovered. In addition to the proteins eluted from the beads (E1, E2 and E3), proteins in other fractions were examined by immuno-blotting. In the experiments (a-c), one filter was proved with anti-MCM-BP antibody (top) and the other was proved with anti-HA(CDT1, Santa Cruz Bio. sc-7392), CDC6(Santa Cruz Bio. sc-8341), and ORC2, ORC4(Santa Cruz Bio. sc-20634) antibodies, (bottom).
Fig. 2. Interaction of MCM-BP with MCM loader proteins
High5 cells (3x10 7 cells) were co-infected with recombinant baculoviruses producing Flag-MCM-BP (0.5 ml of stock solution), MCM2-MCM7(His) (0.5 ml), MCM3-MCM5(His) (1 ml) and MCM4(His)-MCM6 (0.5 ml). The infected cells (9x10 7 cell in total) were lysed with lysis buffer (4.5 ml) and fractionated into Triton-soluble (S) and -insoluble (P) fractions. Flag-MCM-BP in the Triton-soluble fraction was loaded onto a column of anti-Flag antibody beads (0.3 ml, Sigma, St. Louis, Missouri, USA)). Unbound proteins were collected (U). Supernatant after washing was recovered (W). Proteins bound to the beads were eluted by incubating with a buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl) containing Flag peptide (50 μg/ml, Sigma) (E). Proteins in these fractions were electrophoresed and they were stained with silver. Bands corresponding to MCM2-7 and MCM-BP proteins are indicated at the right. Proteins eluted from anti-Flag antibody column were fractionated by glycerol gradient centrifugation (Ishimi, 1997) . Proteins were loaded onto a linear gradient of 15% to 30% glycerol and centrifuged at 36,000 rpm for 14 h in TLS55 rotor (Beckman). Aliquots of the obtained fractions (no. 1-18) were loaded on SDS-polyacrylamide gel. After electrophoresis, proteins were stained with silver (top). Positions of MCM2-7 and MCM-BP were indicated at the right. Proteins of MCM2-7 and MCM-BP in these fractions (no. 2-17) were detected by immuno-blotting using the specific antibodies (bottom). Two bands are detected for MCM4, which is probably due to degradation of the protein. Proteins (I) in the fraction no. 9 in Fig. 4 were precipitated with anti-Flag antibody. After proteins unbound to the beads (U) and those in the supernatant of the final wash (W) were recovered, those bound to the beads were eluted three times by incubating with elution buffer (0.1 M glycine, pH 2.5 and 0.15 M NaCl) (E1, E2 and E3). Proteins remaining in the eluted beads were eluted by boiling in SDS-sample buffer for electrophoresis (B) . Proteins in these fractions were electrophoresed and stained with silver (left), and MCM-BP and MCM2-7 were detected by immuno-blotting (right). 
Chromatin-binding of human MCM-BP
To examine whether MCM-BP binds with chromatin or not, logarithmically growing HeLa cells were lysed in a buffer containing Triton X-100 and 100 mM NaCl. After Triton-soluble nucleoplasmic and cytoplasmic proteins were recovered, nuclear DNA in the Tritoninsoluble fraction was digested with DNase I. The DNase I-soluble fraction contained a small portion of histones, and DNase I-insoluble fraction contained a large portion of histones ( Fig. 6 ). Proteins in these three fractions were examined by immuno-blotting. MCM4 protein distributed almost evenly into these three fractions. In contrast, MCM-BP was almost exclusively recovered into the Triton-soluble fraction and only a small portion of MCM-BP was detected in the DNase I-soluble chromatin fraction. When NaCl concentration in lysis buffer was increased to 200 mM, however, MCM-BP was not detected in the DNase I-soluble chromatin fraction, suggesting that a small portion of MCM-BP loosely associates with chromatin. To examine cellular localization of MCM-BP, logarithmically growing HeLa cells were stained with anti-MCM-BP antibody (Fig. 7A ). The antibody almost exclusively stained nuclei, similarly to the antibody against MCM6. The intensities of the staining with anti-MCM-BP antibody appeared to be differ among cells. When the fluorescence of DAPIstaining and the anti-MCM-BP antibody staining was quantified, there was a weak correlation between these two intensities ( Fig. 7A ), suggesting that MCM-BP accumulates in nuclei from the G1 to G2 phases. A similar increase in the level of MCM6 protein during progression of cell cycle was detected. When proteins that do not stably bind to the nuclear structure including chromatin were extracted with a buffer containing Triton X-100, only half of the extracted cells strongly reacted with anti-MCM6 antibody (Fig. 7B ). Probably this is due to the fact that the amounts of chromatin-bound MCM6 decrease during late S and G2 phases. In contrast, the fluorescence signal with anti-MCM-BP antibody was hardly detected in the Triton-extracted HeLa cells, and a small area in nuclei that may be nucleolus was faintly stained. These results, which are consistent with the immuno-blotting data, indicate that MCM-BP does not stably bind to chromatin during the cell cycle.
For biochemical fractionation of HeLa cells, the cells were lysed at 2 × 10 6 cells per 100 μl in modified CSK buffer (10 mM Pipes, pH 6.8, 100 mM NaCl, 1 mM MgCl 2 and 1 mM EGTA) containing 0.1% Triton X-100, 1 mM ATP, proteinase inhibitors (Pharmingen) (solution A) and placed on ice for 15 min. On the right, NaCl concentration in the lysis buffer was increased to 200 mM, as indicated at the top. The cell suspension was centrifuged (5,000 rpm for 5 min in a microcentrifuge), and its supernatant was saved (S). Recovered precipitate was suspended in solution A and centrifuged. The precipitate was suspended in a volume of solution A to yield 4 × 10 6 cells per 100 μl (P) and then incubated with DNase I (Takara, Tokyo, Japan) at 200 μg/ml at 30 °C for 15 min, and then soluble (S3) and insoluble (P') fractions were recovered after centrifugation. The insoluble materials (P') were suspended in a volume of solution A to yield 4 × 10 6 cells per 100 μl. The proteins in these fractions were electrophoresed and analyzed by immuno-blotting. MCM-BP, MCM4 and tubulin proteins in these fractions were analyzed. Distribution of histones was shown at the bottom. Fig. 6 . Chromatin-binding of MCM-BP (A) Logarithmically growing HeLa cells were fixed by incubation with 4% paraformaldehyde in PBS for 5 min at room temperature, and then permeabilized and blocked by incubation with 0.1% Triton X-100, 0.02% SDS and 2% nonfat dried milk in PBS for 1 h at room temperature. The fixed cells were incubated at 4°C with anti-MCM-BP mouse antibody (culture supernatant of hybridoma cells) and anti-MCM6 goat antibody in the blocking solution. Cells were washed with the blocking solution and then incubated with Cy3-conjugated anti-mouse antibodies (Jackson Immuno-Research, West Grove, PA, USA) and FITC-conjugated anti-goat antibodies (Jackson Immuno-Research) for 1.5 h at 37°C in the blocking solution. Washed cells were stained with 2 μg/ml DAPI for 15 min at room temperature. After washing with PBS, cells were mounted in 90% glycerol and 10% PBS solution containing 1,4-diazabicyclo[2,2,2]-octane (DABCO, Sigma) (2.3%) and observed using fluorescence microscopy (BZ9000, KEYENCE, Japan). The levels of the fluorescence were measured (bottom). The values in each cell are plotted on a graph where DAPI fluorescence level is shown as a vertical line and Cy3 or FITC fluorescence level is horizontal line. (B) For extraction of chromatin-unbound proteins, HeLa cells were extracted by incubating with a buffer (10 mM PIPES, pH6.8, 0.1 M NaCl, 0.3 M sucrose, 3 mM MgCl 2 and 0.5 % Triton X-100) for 10 min at room temperature before fixation. After fixation, the extracted cells were stained with anti-MCM-BP antibody or with anti-MCM6 antibody. Fluorescence (Cy3) from the second antibody (Cy3-conjugated anti-mouse antibody and Cy3-conjugated anti-goat antibody) and from DAPI was detected. 
Binding of MCM-BP with MCM2-7 proteins in HeLa cells
Since it was found that MCM-BP was almost exclusively recovered in Triton-soluble fraction, we examined whether MCM-BP in the fraction binds with MCM2-7 proteins. It is known that considerable amounts of MCM2-7 were present in the nucleoplasm and they can be extracted with buffer containing Triton X-100. When MCM-BP in the Triton-soluble fraction was immuno-precipitated with the anti-MCM-BP antibody, MCM-BP was detected in the elution fractions (Fig. 8A) . Among the MCM2-7 proteins, MCM4, MCM5, MCM6 and MCM7 were detected in the elution fractions. But MCM2 was not detected and MCM3 was only slightly detected in these fractions. Quantification of the data indicates that similar portions of MCM4-7 proteins were recovered in the elution fractions (Fig. 8B) . As a control experiment, immuno-precipitation was performed in the absence of anti-MCM-BP antibody. Neither MCM-BP nor MCM2-7 was detected in the elution fractions.
(A) (left) Logarithmically growing HeLa cells were lysed, and Triton-soluble (S) andinsoluble (P) fractions were obtained. MCM-BP in the Triton-soluble fraction was immunoprecipitated with anti-MCM-BP antibody bound to protein G beads. After proteins in the final wash were recovered (W), those bound to the beads were eluted three times by incubating with elution buffer (0.1 M glycine, pH 2.5 and 0.15 M NaCl) (E1, E2, and E3). Proteins bound to the beads after elution were eluted by boiling in SDS-sample buffer (B). MCM-BP and MCM2-7 proteins in these fractions were detected by immuno-blotting. (right) The same experiment was performed without addition of anti-MCM-BP antibody. (B) The levels of immuno-precipitated MCM2-7 proteins are shown with error bars by dividing the total chemiluminescence values detected in the E1-3 and B fractions by those in S and P fractions. When proteins in the Triton-soluble fraction were fractionated by glycerol gradient centrifugation, all the MCM2-7 proteins were recovered at fraction no. 5-8 ( Fig. 9) . It is probable that the MCM2-7 hexameric complex is one of major components in these fractions. MCM-BP was mainly recovered at fraction no 10-14; the positions are comparable to those where MCM-BP purified from over-expressed insect cells is recovered (data not presented). Thus, it is suggested that MCM-BP is mainly present in a form free from MCM2-7 proteins in nucleoplasm and only a small portion of MCM-BP binds MCM4-7 proteins (Fig. 8) .
Proteins in the Triton-soluble fraction from HeLa cells were fractionated by glycerol gradient centrifugation (36,000 rpm for 14 h). After fractionation into 16 fractions, pairs of neighboring fractions were combined. Proteins in the combined fractions were concentrated and they were electrophoresed. MCM-BP and MCM2-7 were detected by immuno-blotting. 
Discussion
We presented data indicating that human MCM-BP can bind all of human MCM2-7 proteins when both are expressed in insect cells but it most strongly interacts with MCM7. It is possible that the central MCM domains are involved in the interaction of MCM-BP with MCM2-7 proteins. Consistently, it has been reported that Xenopus MCM-BP binds to the conserved MCM box in MCM7 (Nishiyama et al., 2011) . In HeLa cells, endogenous MCM-BP protein was present in nuclei, and its amount increased during cell cycle. MCM-BP was almost exclusively recovered in a Triton-soluble fraction of HeLa cells and a small portion of MCM-BP in this fraction was bound with MCM4-7 proteins. As to chromatin binding of MCM-BP, a faint band was detected in DNase I-soluble chromatin fraction. When salt concentration in lysis buffer was increased from 100 mM to 200 mM, however, the MCM-BP band was not detected in the chromatin fraction. Under these conditions, MCM4 protein was still detected in the chromatin fraction. Thus, MCM-BP does not stably bind to DNA as MCM2-7 do in HeLa cells. These results suggest that MCM-BP, which is mainly present in nucleoplasm, plays a role in the S and G2 phases by interacting mainly with MCM7. We also found that the purified MCM-BP did not exhibit DNA helicase activity and did not show single-stranded DNA binding activity (data not presented). Consistent with the published results (Sakwe et al., 2007) , MCM-BP did not significantly inhibit DNA helicase activity of the MCM4/6/7 hexamer (data not presented).
Recently, it has been reported that MCM-BP mainly interacts with MCM7 in Xenopus egg extracts (Nishiyama et al., 2011) . It is suggested that MCM-BP plays a role in unloading of MCM2-7 complex from chromatin in late S phase. The results presented here are not inconsistent with the proposed function of MCM-BP. It has also been reported that MCM-BP is required for cohesion of replicated chromosomes in Arabidopsis and human cells (Takahashi et al., 2010) . At the DNA replication forks, reorganization of cohesion complexes on chromosomes should occur, since they must encounter a large protein complex of DNA replication proteins that is required for replication fork progression (Uhlmann, 2009 ). The coordination of DNA replication fork movement and cohesion re-establishment may occur at the forks. Slowing down of MCM2-7 helicase movement or depletion of the MCM complex from the forks may be required for the cohesion re-establishment. It is possible that the interaction of MCM-BP with MCM7 is involved in the regulation of replication fork progression. Our data show that a small portion of MCM-BP binds with MCM4-7 proteins in nucleoplasm. These complexes may be generated from the interaction of MCM-BP and MCM proteins at the forks or on replicated DNA. Recently, we comprehensively searched proteins that can interact with human RPA in insect cells (Nakatani et al., 2010) . RPA plays an essential role in DNA replication by stabilizing the unwound single-stranded DNA region and assembling various replication proteins at the replication forks. In addition of MCM3-7, CDC45, TIPIN, Claspin and cyclin-dependent kinases, MCM-BP was found to interact with RPA among 30 proteins examined. This finding may support the role of MCM-BP in regulation of DNA replication fork movement. As mentioned above, it is probable that MCM helicase may be displaced from the replication forks or replicated DNA by active processes for regulation of DNA replication progression. Several factors could be involved in the displacement of MCM complex at the forks. Cyclin-dependent kinase that plays an essential role in preventing re-replication of DNA phosphorylates MCM4 during the S phase. MCM4 bound to chromatin is specifically phosphorylated with the kinase during the S phase, and MCM4 at G2 and M phases was highly phosphorylated with the kinase (Fujita et al., 1998) . MCM4/6/7 DNA helicase activity was inhibited by the phosphorylation with CDK (Ishimi & Komamura-Kohno, 2001) . MCM4 phosphorylation with CDK is stimulated under DNA replication checkpoint conditions (Ishimi et al., 2003) . Thus MCM4 phosphorylation with CDK may be one of the reactions of the kinase to prevent re-replication of DNA. Consistently, the addition of excess cyclin-dependent kinase causes detachment of the MCM complex from chromatin to inhibit DNA replication in a replication system using Xenopus egg extracts (Hendrickson et al., 1996) . Thus, it is possible that phosphorylation of MCM4 on chromatin may be involved in detachment of the MCM complex from the replication forks or DNA. Here we showed biochemical characteristics of human MCM-BP. The MCM-BP has unique properties of binding capacity with MCM2-7 and high affinity to MCM7 in the experiments using insect cells and it shows weak chromatin-binding ability in HeLa cells. In vitro experimental system is required to evaluate the suggested role of MCM-BP at the replication forks.
Conclusion
Several lines of evidences suggest that an activated form of MCM2-7 complex functions as a replicative DNA helicase that unwinds duplex DNA at the replication forks. MCM-BP has been identified as a protein that binds to human MCM6 and 7 proteins (Sakwe et al., 2007) . It has been suggested that MCM-BP bound to MCM3-7 proteins may play a role in the initiation of DNA replication. Recently, it has been shown that MCM-BP is required for the cohesion of replicated DNA (Takahashi et al., 2010) , and it has been suggested that MCM-BP is involved in unloading of the MCM2-7 complex from chromatin at late S phase (Nishiyama et al., 2011) . However, biochemical function of MCM-BP is not fully understood.
Here, we examined the interaction of human MCM-BP with MCM2-7 in insect cells and in HeLa cells by immuno-precipitation. The results indicate that MCM-BP can bind all of MCM2-7 in insect cells, but it binds most with MCM7. In HeLa cells, MCM-BP was largely detected in a Triton-soluble fraction and only a small portion of MCM-BP was detected in chromatin fraction; the distribution is in contrast to that of MCM2-7. Immuno-precipitation experiment indicates that a small portion of MCM-BP in the Triton-soluble fraction is bound with MCM4, 5, 6 and 7 proteins. These results suggest that MCM-BP in nucleoplasm exhibits its function by interacting mainly with MCM7.
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